Water sources pollution by arsenic ions is a serious environmental problem all around the world. Arsenate reductase enzyme (TtArsC) from Thermus thermophilus extremophile bacterium, naturally binds arsenic ions, As(V) and As (III), in aqueous solutions. In this research, TtArsC enzyme adsorption onto hybrid polyethylene glycol-stabilized gold nanoparticles (AuNPs) was studied at different pH values as an innovative nanobiosystem for metal concentration monitoring. Characterizations were performed by UV/Vis and circular dichroism spectroscopies, TEM images and in terms of surface charge changes. The molecular interaction between arsenic ions and the TtArsC-AuNPs nanobiosystem was also monitored at all pH values considered by UV/Vis spectroscopy. Tests performed revealed high sensitivities and limits of detection equal to 10 + 3 M 212 and 7.7 + 0.3 M 212 for As (III) and As(V), respectively.
Introduction
Arsenic is a naturally occurring metal; it is among the 20 most common substances in the earth's crust and is a component of more than 200 minerals [1, 2] . Arsenic and its compounds are extremely mobile in the environment. Ageing of rocks by weather conditions converts arsenic sulfides to arsenic trioxide, which enters the arsenic cycle as dust or by dissolution in rivers and groundwater [3, 4] . Water sources pollution by arsenic is a serious environmental problem all around the world, as it causes a lot of adverse health effects to humans at every level. Detection and quantification of arsenic ions concentration is thus a hot topic because water management requires optimization of quality assessment [5] [6] [7] . Biosensors and, in particular, nanoparticle-enhanced enzyme biosensors have recently emerged as powerful devices for qualitative and quantitative analysis of a variety of analytes for biomedical applications, drugs testing and environmental monitoring. Protein and enzymes can selectively recognize their natural ligands with very high specificity even in complex matrices such as the environmental ones [8] . In this field, there is also a general interest in biomolecules purified from thermophilic organisms due their biotechnological advantages [9] . Enzymes and proteins isolated from thermophilic microorganisms exhibit high stability in conditions that are usually adverse to proteins, such as high temperatures (up to 1008C), heavy concentration of detergents, extreme pH values, ionic strength and chaotropic agents [10] [11] [12] . In our recent paper, we adsorbed a novel chromosomal arsenate reductase (TtArsC) able to reduce the substrate As(V) to As(III), on homemade hybrid gold nanoparticles (NPs) [13] , producing a biomolecular probe that can screen for the presence of arsenic ions in water [14] . Thermus thermophilus HB27 is an extremophile bacterium that evolved in arsenic-rich geothermal environments: survival mechanisms of this organism include oxidization and reduction of arsenic ions and extrusion from living cells [15] . The unique features of TtArsC enzyme allowed the speciation of pentavalent arsenic, As(V), and trivalent arsenic, As(III), by a naked-eye assay [14] .
In this work, we investigated how conformational changes in the enzyme secondary structure, when adsorbed onto gold nanoparticles, enhanced the monitoring of arsenic ions in water solution at very low concentration.
Material and methods

Chemicals
Tetrachloroauric acid (HAuCl 4 ), sodium borohydride (NaBH 4 ) and ethanol (C 2 H 5 OH), polyethylene glycol 600 Diacid (PEG), Tris -HCl (C 4 H 11 NO 3 ), sodium acetate (CH 3 COONa), trisodium phosphate (Na 3 PO 4 ), glycine (C 2 H 5 NO 2 ), potassium metarsenite (NaAsO 2 ), potassium arsenate (KH 2 AsO 4 ) were purchased from Sigma Aldrich. All chemicals were used as supplied without further purification.
Purification and preparation of TtArsC enzyme
Recombinant TtArsC (TtArsC: protein arsenate reductase from the Gram-negative bacterium T. thermophilus HB27) was purified up to homogeneity using the purification procedure described in a previous paper [16] , basically consisting of thermo-precipitation of the Escherichia coli cell extract followed by anion exchange and gel filtration chromatography. Fractions containing purified TtArsC were pooled, dialysed against 15 mM Tris-HCl, 1 mM DTT, pH 7.5 and lyophilized in aliquots of 1 mg using a freeze dryer (HetoPowerDry PL6000, Thermo Scientific). Protein aliquots for nanoparticle interaction were prepared by resuspension of the protein in 1 ml of 15 mM Tris-HCl, pH 7 at a final 1.6 mM concentration.
Synthesis of PEG-stabilized-Au nanospheres
In previous work [13] , we have synthesized gold nanoparticles adding dicarboxylic PEG as surfactant in the mixture reaction. Briefly, 20 ml of chloroauric acid (HAuCl 4 ) aqueous solution (2.5 Â 10 24 M) was added to 0.25 ml of dicarboxylic PEG and mixed by magnetic stirring for 10 min at room temperature. To this solution, 600 ml of aqueous 0.01 M NaBH 4 was added drop by drop. The formation of the PEG-stabilized AuNPs (in the following simply cited as AuNPs) was observed as an instantaneous colour change of the solution from pale yellow to bright red after addition of the reducing agent. The as-prepared AuNPs solution was centrifuged at 15 000 r.p.m. for 30 min for three times and then the supernatant was discarded and the residue was suspended again in an equivalent amount of buffer solution. This last step was repeated twice, in order to remove excess dicarboxylic PEG.
Adsorption of TtArsC onto AuNPs
TtArsC-AuNPs adsorption was achieved using the following procedure: 1 ml of AuNPs was added into separate tubes containing 0.05 ml of TtArsC (1 mg ml 21 in 15 mM Tris -HCl, pH 7) for 24 h. The TtArsC-AuNPs suspension was then centrifuged twice at 6000 r.p.m. for 20 min in order to remove excess protein and then the pellets were re-dispersed in 1 ml of MilliQ water. The resultant colloidal solution was sonicated for 30 min at 48C. In order to monitor the adsorption of TtArsC onto AuNPs at different pH values, the pellets were re-dispersed in sodium acetate 20 mM at pH 5, trisodium phosphate 20 mM at pH 6, 7 and 8, glycine 20 mM at pH 9. The adsorption was characterized by UV/Vis spectrophotometry, transmission electron microscopy, circular dichroism (CD) and Z-potential measurements as described below.
Heavy metals interaction monitoring
Interaction between TtArsC-AuNPs and As (V)/As (III) solutions was performed adding 0. 
UV -Vis measurements
Absorption spectra were recorded using a Cary 100 (Agilent) spectrophotometer in the 200 -800 nm range. The spectra were recorded after 30 min from synthesis of nanoparticles, then from 2 min to 24 h after enzyme adsorption and finally after 10 min of interaction with heavy metals solutions. In order to evaluate TtArsC binding efficiency onto AuNPs, the TtArsCAuNPs were centrifuged for 30 min at 48C and the supernatant optical density (OD) was evaluated at 280 nm, 24 h after colloidal solution formation. Solutions of TtArsC-AuNPs, As (III) at 8.5 mM þ TtArsC-AuNPs, and As (V) at 8.5 mM þ TtArsCAuNPs at pH values from 5 to 9 were also characterized after 10 min of interaction.
Transmission electron microscopy
Transmission electron microscopy (TEM) measurements were recorded on a FEI TEcnai G2 Spirit BioTWIN microscope operating at an accelerating voltage of 120 kV. The TEM graphs were taken after separating the surfactant from the metal particles by centrifugation; 1 ml of the sample was centrifuged for 20 min at a speed of 14 000 r.p.m. min
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. The upper part of the colourless solution was removed and the solid part was re-dispersed in 1 ml of water. A droplet (10 ml) of the colloidal solution (TtArsC-AuNPs, As (III) at 8.5 mM þ TtArsC-AuNPs, As (V) at 8.5 mM þ TtArsC-AuNPs) was deposited on a microscope grid, dried at room temperature and analysed.
Z-potential measurements
The Z-potential measurements of TtArsC-AuNPs, As (III) at 8.5 mM þ TtArsC-AuNPs, As (V) at 8.5 mM þ TtArsC-AuNPs solutions at pH values from 5 to 9 were performed by a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) equipped with a He -Ne laser (633 nm, fixed scattering angle of 1738, 258C).
Circular dichroism measurements
The TtArsC-AuNPs, As(III) at 8.5 mM þ TtArsC-AuNPs, As(V) at 8.5 mM þ TtArsC-AuNPs solutions at pH values from 5 to 9 were characterized as follows. Far UV CD spectra were recorded on a Jasco J815 spectropolarimeter equipped with a Peltier thermostatic cell holder, in a quartz cell (0.1 cm light path) from 190 to 250 nm [17] . The temperature was kept at 208C and the sample compartment was continuously flushed with nitrogen gas. Furthermore, all the spectra recorded had corresponding high voltage applied to the photomultiplier below 700 V. Final spectra were obtained by averaging three scans, using a bandwidth of 1 nm, a step width of 0.5 nm and 4 s averaging per rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160629 point. The spectra were then corrected for background signal using a reference solution without the protein. Deconvolutions of CD spectra were obtained using the web-based program Dichroweb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) or CdPro (http://lamar.colostate.edu/~sreeram/CDPro/).
Results and discussions
Ttarsc adsorption onto AuNPs
In our previous paper [14] , we proved that the one-pot synthetized PEG-stabilized AuNPs were really hybrid polymer-metal nanoaggregates forming a stable colloidal solution of about 10 nm in size, which could be effectively bioconjugated with the TtArsC enzyme. In that context, we defined TtArsC-AuNPs as a nanobiocomplex/nanobiosystem that preserved the ability to recognize arsenic ions with high affinity. We used it as an effective system for naked-eye assay speciation of As(III) and As(V). In this work, we focused our studies on a deeper characterization of TtArsC adsorption onto PEG-stabilized AuNPs, with two main aims: (i) a better comprehension of the interactions among enzyme, AuNPs and arsenic ions, and (ii) a full exploitation of this hybrid nanosystems as a working tool for monitoring arsenic contamination in drinking water.
First of all, we estimated the amount of TtArsC enzyme adsorbed onto AuNPs by measuring the OD of enzyme solution before nanoparticles coupling and comparing this value with that of the supernatant after bioconjugation to AuNPs. We could estimate, in this way, an adsorption efficiency of 87.5%. A rough stoichiometric relationship of 400 enzyme molecules per gold nanoparticle was evaluated by calculating the volume of a single AuNP (approx. 5 Â 10 219 cm 3 ) and assuming that all gold used in solution (approx. 39 mg) was converted in NPs (number of AuNPs about 4 Â 10
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, using gold density of 19.32 g cm
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). We used 5 mg of TtArsC (16957.49 Da) corresponding to a number of enzymes equal to 2 Â 10 15 , so that the enzymes/NPs ratio was 0.5 Â 10 3 and assuming the adsorption efficiency valid for each NP, we could estimate the ratio above reported (400 : 1). On the other hand, one NP had a surface of about 300 nm 2 , and considering TtArsC occupying an area of about 1 nm 2 , the ratio 300 : 1 obtained was of the same order of that calculated by considering the masses.
Z-potential characterization evidenced a radical sign change in nanoparticles surface charge (figure 1a), from 227 + 2 mV of AuNPs to 25 + 2 mV in the case of TtArsCAuNPs. Both values were quite high, indicating that the two colloidal solutions were very stable. The result related to TtArsC-AuNPs Z-potential was somehow unexpected: as TtArsC enzyme had a theoretical isoelectric point of 6.5 [15, 16] , its net charge at neutral pH of solution should be slightly negative, so that the Z-potential of the nanobiosystem TtArsC-AuNPs was supposed to be negative, too [18] . The high positive value measured (þ25 mV) could be explained only by a structural re-arrangement of the enzyme during the bioconjugation process to the gold surface. As enzyme self-assembling onto nanoparticles is a key point in the development of efficient biosensors, it became necessary to thoroughly investigate TtArsC enzyme interaction with AuNPs by CD (reported in figure 1b) . CD spectra recorded by TtArsC and TtArsC-AuNPs solutions showed that only light rearrangement of enzyme structure occurred when comparing the enzyme in solution and the TtArsC-AuNPs, suggesting that TtArsC in the complex retained its main structural properties and that in the absence of arsenic ions there was not any aggregation nor relevant changes in the secondary structure. The absolute values of the negative peaks at 208 nm and 220 nm, which are related to the a-helical content in the enzyme structure, were higher in the TtArsC-AuNPs nanobiocomplex, revealing enzyme structural changes [19] , which could be interpreted as increase of the a-helical component due to enzyme-gold surface proximity. In particular, in order to estimate changes in the secondary structure of TtArsCAuNPs compared with TtArsC, we analysed spectra using the program K2D in Dichroweb. The analysis performed with the native enzyme reported in [16] was 28% of a-helical and 20% b content. These values refereed to the TtArsC-AuNP complex changed to 37% and 26%, respectively.
The enzyme self-assembling around gold nanoparticles was also investigated at different pH values in order to understand its role in the bioconjugation process. Z-potential values and CD spectra were recorded at different pH values ranging from 5 to 9, and results are reported in figure 2. Surface charge quantification revealed a positive value for each pH tested, with a minimum of 21 + 1 mV at pH 5 and a maximum of 26 + 1 mV at pH 6, suggesting that in the whole range the colloidal solution of TtArsC-AuNPs is stable (figure 2a). CD measurements and photographic imaging characterization (figure 2b and c, respectively) evidenced a different enzyme rearrangement for each pH tested, but it was hard to say what precisely occurred as a consequence of pH changes. Major changes in the CD spectra due to variation in the enzyme secondary structure were observed at pH 8 and 9. Table 1 reports the percentage of secondary structure elements obtained by deconvolution of the spectra, using CDPRo software, and clearly shows that at these pH values there was a structural change towards disordered structures, which in turn could determine a different way in the interaction with gold nanoparticles. Similarly, the slight colour differences of each sample (see figure 2c ) indicated that the pH value could only cause small modifications of enzyme structure after the self-assembling around AuNPs, and prevented further large aggregations of nanoparticles; in this latter case, a strong shift of local surface plasmon (LSP) resonance, i.e. the colour of the solution, would have been observed.
TtArsC-AuNP interaction with arsenic ions
From our previous studies it was experimentally evident that interaction of TtArsC-AuNPs with arsenic ions resulted in considerable aggregation of nanocomplexes and thus a shift towards small wavelengths of the LSP. Our hypothesis was that arsenic ions directly interacted with the cysteine residues of the enzyme (with trivalent arsenic ions being more reactive than pentavalent), thus inducing protein aggregation. This mechanism has been well documented in living cells and was strictly related to heavy metal toxicity [20] . The phenomenon of arsenic-induced protein aggregation could be strengthened in the TtArsC-AuNPs nanocomplex which indeed acted as a platform for enzyme clustering.
In order to better characterize the TtArsC-AuNPs nanobiosystem as a sensitive bioprobe for arsenic ions monitoring, LSP shifts were measured at different arsenite and arsenate (ions aqueous solutions) concentrations from 10 212 to 8.5 Â 10 25 M. Figure 3a shows TtArsC-AuNPs LSP intensity absorbance decrease during arsenite ion interaction due to formation of rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160629 large aggregates enhanced by the presence of As(III) ions. The absorbance ratio A 0 /A (where A 0 refers to TtArsC-AuNPs absorbance at 560 nm before addition of arsenic ions, and A the absorbance after addition of arsenic ions), as a function of arsenite concentration reported in figure 3b , was fitted by OriginLab Software TM using the Hill equation:
where (A 0 /A) max is the saturation point; k is the affinity constant;
[As] is As ion concentration; n is the Hill coefficient [21] . The fit (R 2 ¼ 0.99) gave a Hill coefficient equal to 1, suggesting the absence of cooperativity in the interaction with As(III); therefore, the Hill equation was formally equivalent to a Langmuir equation [22] . Furthermore, the software estimated a system affinity constant k equal to 21 + 4 nM (2.7 + 0.5 ppb ), while the limit of detection (LOD), defined as three times the ratio between the signal without arsenic ions and the sensitivity, was equal to 10 + 3 pM (0.13 + 0.04 ppb).
The same measurements were performed in order to characterize the interaction between TtArsC-AuNPs nanobiocomplex and As(V); data are reported in figure 4 . In this case, figure 4a shows TtArsC-AuNPs LSP intensity absorbance decrease during interaction with arsenate ions, which was ascribed to the same aggregation phenomenon. The fit of the absorbance ratio is reported in figure 4b , obtained again by the Hill equation (3.1), using OriginLab Software TM . In this case, the Hill coefficient was found to be equal to 3, indicating a cooperative effect in As(V) binding to TtArsC-AuNPs. The system affinity constant was equal to 26 + 1 nM (4.7+ 0. These analytical results pointed out that the TtArsC-AuNPs nanobiosystem had well-improved enzyme properties in comparison with the free enzyme in solution, as it demonstrated an enhanced arsenic binding capability. The enzyme in solution uses arsenate as substrate and thioredoxin reductase, thioredoxin and NADPH as the reducing system; its kinetic parameters have been calculated and reported in a recent paper [16] . Addition of arsenate up to 1 mM did not determine enzyme aggregation. In this paper, we were interested in evaluating sensing capabilities; as we observed a strong increase in substrate recognition by the nanocomplex in comparison with the native enzyme, we did not check activity.
Furthermore, as the World Health Organization (WHO) recommended a limit value of arsenic in drinking water of 10 ppb (Fact sheet N8372, December 2012), the proposed TtArsC-AuNPs nanobiosystem could represent a very valuable tool for monitoring even traces of arsenic, due to high affinity constants and very low LOD values found. In figure 5 , digital images of TtArsC-AuNPs mixtures in Eppendorf tubes at low concentrations of arsenic ions are reported, which clearly demonstrated naked-eye assay in monitoring the presence of this heavy metal in solution.
In order to better analyse the effect of arsenic ions on the nanocomplex, TEM images were registered after addition of arsenic ion solutions at concentrations of 8.5 mM to TtArsCAuNPs, a value that was in the middle of the linear range of the sensing response curve. Images, reported in figure 6 , confirmed that after interaction with both ions, the rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160629 nanosystem, though retaining sensing capability, promoted the formation of aggregates with irregular shapes. In real conditions, the influence of pH changes on sensor device efficiency during environmental monitoring must be considered, as extreme pH values in water are strictly correlated to their pollution level. To this aim, TtArsC-AuNP nanobiosystem stability/aggregation and sensing performances were further studied as function of pH, using arsenic ions solutions at concentrations of 8.5 mM and measuring surface charge change after 24 h from interaction (figure 7) and LSP shift (figure 8). The nanoaggregate surface charge (figure 7a) was between 18 and 27 mV for all the pH values tested and for both As(III) and As(V), but with a strong charge decrease at pH 7 in the case of 8.5 mM As(V) ions solutions (10 + 3 mV). However, the colour of all solutions (after 24 h from interactions) revealed a low grade of precipitation (figure 7b,c), according to surface charge experimental evidence. LSP change evidenced different spectra for each pH tested (figure 8a-e) in either the absence or the presence of arsenic ions with a major difference at pH 9. Nevertheless, the TtArsC-AuNPs nanobiosystem was able to monitor the interaction at pH 5-6-7-8-9 as proved by the evident LSP decrease upon As(III) or As(V) interaction. Furthermore, the absorbance ratio (figure 8f ) assumed values from 1.4 ( pH 9) to 2.6 arb. units ( pH7). The monitoring at pH values 5-6 -7 seemed to be more efficient because the absorbance ratio values oscillate from a minimum of 1.6 to a maximum of 2.6 arb. units, while at pH values 8-9 the absorbance ratio ranged from 1.5 to 1.4 arb. units. These data suggested that the TtArsC-AuNPs nanocomplex could be more stable under these pH values, accordingly to CD analysis (figure 2b), which showed spectra representative of enzyme with higher a-helical content at pH 5-6-7 than at pH values 8-9, where changes in secondary structure were very evident. It is worth noting that the absorbance ratio values of 8.5 mM As(III) and As(V) in aqueous solutions were 1.6 and 1.2 arb. units, respectively. In this experimental frame, it was clear that pH changes tuned the competition between dispersion and ordering of our hybrid biologicalmetal nanoparticles in aqueous solution. The ShulzeHardy rule, which states that increment of ion concentration and/or addition of ions into well-dispersed solution induces rapid and controlled coagulation of metal nanoclusters, could properly justify our findings [23] .
Conclusion
A nanobiosystem, composed of TtArsC, derived from T. thermophilus extremophile bacterium, bioconjugated with AuNPs was obtained and characterized in terms of LSP, surface charge, CD spectra and TEM imaging at pH values from 5 to 9. This work highlighted that the TtArsC-AuNPs nanobiosystem was able to efficiently interact with As(III) and As(V) ion solutions at different pH values from 5 to 9, even though CD spectra highlighted slight enzyme destructuration. The experimental findings demonstrated that the enzyme bioconjugated in the nanocomplex underwent effective structural modifications, and preserved its stability in a pH range from 5 to 8. Structural rearrangements enhanced the recognition of both As(V) and As(III) in the same range of pH values, and also at pH 9, a threshold at which the enzyme secondary structure is compromised. The results also confirmed that monitoring of arsenic could be performed by a colorimetric assay with very high sensitivity (detection limits below those suggested by the WHO). This work encourages the use of hybrid biological-AuNPs to boost specific substrate recognition by enzymes in many medical and environmental biosensing applications.
